Introduction
============

An estimated 1.8 million new cases of lung cancer were diagnosed in 2012, which accounted for \~13% of total cancer diagnoses. In addition, lung cancer was the most frequently diagnosed cancer and the leading cause of cancer-associated mortality among men in 2012. Among females, lung cancer was the leading cause of cancer-associated mortality in more developed countries, and the second leading cause of cancer-associated mortality in less developed countries ([@b1-mmr-16-03-3283]). Despite improvements being made in the diagnosis and treatment of lung cancer in recent decades, the 5-year survival rate of patients with lung cancer is still relatively low ([@b2-mmr-16-03-3283]--[@b4-mmr-16-03-3283]). Tumor metastasis is one of the major causes of lung cancer-associated motility. Therefore, in order to improve the treatment of lung cancer, the mechanism underlying lung cancer metastasis should be fully understood to facilitate the establishment of methods that suppress tumor metastasis.

Stromal interaction molecule 1 (STIM1) was initially identified as a novel human gene, which is mapped to a region of chromosome 11p15.5 ([@b5-mmr-16-03-3283]). The STIM1 protein mediates Ca^2+^ influx, following depletion of intracellular Ca^2+^ stores, via gating of store-operated Ca^2+^ influx channels. STIM1 is critical for the development and functioning of numerous cell types, including lymphocytes, skeletal and smooth muscle myoblasts, adipocytes and neurons, and can interact with various signaling proteins and pathways in a cell- and tissue-type specific manner ([@b6-mmr-16-03-3283]). STIM1 was initially identified as an antimetastatic gene in melanoma cells by Suyama *et al* ([@b7-mmr-16-03-3283]); however, recent studies have reported that STIM1 exhibits a metastatic function. Yang *et al* ([@b8-mmr-16-03-3283]) observed that STIM1 silencing inhibited the migration and metastasis of breast cancer cells. Chen *et al* ([@b9-mmr-16-03-3283]) revealed that a significantly poorer clinical outcome in primary tumors was associated with STIM1 upregulation; STIM1 overexpression markedly enhanced local spread and angiogenesis, and promoted cancer cell migration and invasion. Additional studies have indicated that knocking down STIM1 may result in reduced cancer metastasis in hepatocellular carcinoma ([@b10-mmr-16-03-3283]), melanoma ([@b11-mmr-16-03-3283],[@b12-mmr-16-03-3283]) and colorectal cancer ([@b13-mmr-16-03-3283]).

The potential role of STIM1 in lung cancer metastasis remains to be elucidated. To the best of our knowledge, one previously published paper reported that STIM1 expression was increased in non-small cell lung cancer (NSCLC) tissues compared with in adjacent non-neoplastic lung tissues ([@b14-mmr-16-03-3283]). To further understand the potential role of STIM1 in lung cancer metastasis, the present study analyzed the expression of STIM1 in metastatic lung cancer tissues and non-metastatic lung cancer tissues. In addition, the effects of STIM1 silencing on A549 cell migration and invasion *in vitro*, and on metastasis *in vivo*, were investigated.

Materials and methods
=====================

### Cell culture

STIM1 short hairpin (sh)RNA (h) lentiviral particles (sc-76589-V) and control shRNA lentiviral particles-A (sc-108080) were purchased from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). A549 cells ([@b15-mmr-16-03-3283]) were obtained from American Type Culture Collection (Manassas, VA, USA) and infected with lentiviral particles according to the manufacturer\'s protocol (Santa Cruz Biotechnology, Inc.). The infected A549 cells were selected with 10 µg/ml puromycin (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The stable clone infected with STIM1 shRNA (h) lentiviral particles was termed A549-shSTIM1 and the stable clone infected with control shRNA lentiviral particles was termed A549-shcon. All cell lines were cultured in RPMI-1640 medium (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) supplemented with penicillin (100 U/ml), streptomycin (100 µg/ml), 10% fetal bovine serum (FBS) (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA) and 2 mM L-glutamine at 37°C in an atmosphere containing 5% CO~2~.

### Biological samples

A total of 49 lung cancer tissue samples were obtained from patients between January and December 2014, following surgical resection at the First Hospital Affiliated to Zhengzhou University (Zhengzhou, China). None of the patients received radiation therapy or chemotherapy prior to surgery. Histological type and cell differentiation grade were determined according to the World Health Organization criteria ([@b16-mmr-16-03-3283]). Written informed consent for participation in the present study was obtained from all patients prior to surgery. The present study was approved by the Ethics Committee of the First Hospital Affiliated to Zhengzhou University, and the associated methods were conducted in accordance with the approved guidelines.

### Wound healing assay

A wound healing assay was performed according to the method described in our previous study ([@b17-mmr-16-03-3283]). Briefly, monolayer cells were wounded by scratching the surface of each well in a 6-well plate as uniformly as possible with a 200 µl pipette tip. The wells were then rinsed with phosphate-buffered saline (PBS) three times and were incubated at 37°C for 48 h. Images of the initial wound, and the movement of cells into the scratched area, were captured using a Leica DM IL LED inverted microscope equipped with a digital imaging system (Leica Microsystems GmbH, Wetzlar, Germany) at 0 and 48 h. The wound width of 5 random views was measured. The healing width was calculated as wound width at 0 h minus wound width at 48 h, and was normalized to A549-shcon cells ([@b17-mmr-16-03-3283]).

### Transwell invasion assay

The cell invasion assay was performed using a 24-well Transwell chamber (Corning Incorporation, Corning, NY, USA). A549-shSTIM1 and A549-shcon cells were seeded at a density of 4×10^4^ cells into the upper chamber (pore size, 8 µm), which was precoated with Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). The lower chamber was filled with 600 µl RPMI-1640 containing 10% FBS. Following a 24 h incubation at 37°C, cells on the upper-side of the membrane were removed using clean swabs, and cells on the underside were viewed and counted under a Leica DM IL LED inverted microscope (Leica Microsystems GmbH). The number of invaded cells was counted in 5 randomly selected fields ([@b17-mmr-16-03-3283]).

### Tail vein metastatic assay

All experimental procedures involving animals were performed in accordance with the Guide for the Care and Use of Laboratory Animals ([@b18-mmr-16-03-3283],[@b19-mmr-16-03-3283]), and the study was approved by the Ethics Committee of Henan Center for Disease Control and Prevention (Zhengzhou, China). Female BALB/c nude mice (age, 4 weeks; weight, 20±2 g) were purchased from Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China), were housed in a specific pathogen-free environment at a controlled temperature of 22±2°C and 50--60% relative humidity, under 12-h light/dark cycles and were provided with free access to food and water. A549-shSTIM1 cells and A549-shcon cells were harvested, washed twice with PBS, and suspended in PBS. A total of 5 mice per group received 5×10^6^ cells in 150 µl PBS by tail vein injection. The mice were sacrificed at 12 weeks post-injection. Subsequently, the lung tissues were histologically examined for metastases under a Zeiss Axioskop 40 microscope (Zeiss AG, Oberkochen, Germany) ([@b13-mmr-16-03-3283]).

### Western blot analysis

Total protein was extracted from cultured cells with lysis buffer solution supplemented with protease and phosphatase inhibitors (Pierce; Thermo Fisher Scientific, Inc.), and protein concentration was quantified using a bicinchoninic acid protein assay (Pierce; Thermo Fisher Scientific, Inc.). Each protein sample (30 µg) was separated by 10% SDS-PAGE and was then transferred to nitrocellulose membranes (Pall Life Sciences, Port Washington, NY, USA). After blocking with 5% bovine serum albumin (Beyotime Institute of Biotechnology, Haimen, China) in Tris-buffered saline containing 0.1% Tween-20 at room temperature for 1 h, the membrane was incubated with primary antibodies at a 1:1,000 dilution overnight at 4°C. STIM1 (sc-68897), matrix metalloproteinase (MMP)2 (sc-10736), MMP9 (sc-10737), N-cadherin (sc-7939) and E-cadherin (sc-7870) antibodies were purchased from Santa Cruz Biotechnology, Inc. Snail1 (\#3879S) and Vimentin (\#5741S) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). After incubation with horseradish peroxidase (HRP)-coupled anti-rabbit-immunglobulin G (ZB-2301; 1:5,000; ZSGB-BIO, Beijing, China) and HRP-coupled anti-mouse-immunglobulin G (ZB-2305; 1:5,000; ZSGB-BIO) at room temperature for 1 h, the protein bands were visualized using Bio-Rad Clarity™ western enhanced chemiluminescence substrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and the ChemiDoc™ XRS^+^ Imaging system (Bio-Rad Laboratories, Inc.). Anti-β-actin (1:1,000; sc-47778; Santa Cruz Biotechnology, Inc.) was used as a loading control.

### Immunohistochemistry

Immunohistochemistry of human lung cancer tissue samples was performed using a streptavidin rabbit & mouse HRP kit (\#CW2069; Beijing ComWin Biotech Co., Ltd., Beijing, China) according to standard procedures. Briefly, following deparaffinization, antigen retrieval was performed with sodium citrate buffer and boiling for 15 min. Slides were blocked with endogenous peroxidase blocking buffer and normal goat serum (supplied in the kit) at room temperature for 10 min each. Slides were washed with PBS and incubated with anti-STIM1 primary antibody (sc-68897; 1:100; Santa Cruz Biotechnology, Inc.) at 4°C overnight, and then incubated with biotinylated secondary antibody and HRP-labeled streptavidin (supplied in the kit) at room temperature for 10 min each. Staining was performed with 100 µl diaminobenzidine at room temperature for 1 min. The intensity of STIM1 staining was scored as 0 (no signal), 1 (weak), 2 (moderate) and 3 (marked). Scores of the percentage of positive cells were assigned as 0 (\<5%), 1 (5--25%), 2 (26--50%) and 3 (\>51%). The scores of each view were multiplied to give a final score of 0--9, and the final score of one sample was the mean of 5 microscopic fields. Tumors were finally determined as low-expression (score: 0--1) and high-expression (score: 2--9) ([@b20-mmr-16-03-3283]).

### Statistical analysis

Data are presented as the mean ± standard deviation of 3 independent experiments. Statistical significance was estimated using SPSS version 13.0 software (SPSS, Inc., Chicago, IL, USA). Data were analyzed by Student\'s t-test and χ^2^ test; all tests were two-sided. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### STIM1 expression in human lung cancer tissues

The clinicopathological characteristics of the patients with lung cancer are presented in [Table I](#tI-mmr-16-03-3283){ref-type="table"}. To determine the difference in STIM1 protein expression between metastatic lung cancer tissues and non-metastatic lung cancer tissues, immunohistochemistry was conducted. The results demonstrated that the frequency of STIM1 high-expression was 72.2% (13/18) in metastatic lung cancer tissues, which was significantly higher than that in non-metastatic lung cancer tissues (P=0.013; [Table II](#tII-mmr-16-03-3283){ref-type="table"}). Representative images ([Fig. 1](#f1-mmr-16-03-3283){ref-type="fig"}) exhibit the high-expression ([Fig. 1A](#f1-mmr-16-03-3283){ref-type="fig"}) and low-expression ([Fig. 1B](#f1-mmr-16-03-3283){ref-type="fig"}) of STIM1 in lung cancer tissues.

### Effects of STIM1 silencing on A549 cell migration and invasion in vitro

To evaluate the effects of STIM1 silencing on the migration of A549 cells, a wound healing assay was used to determine the migratory ability of A549 cells. Knockdown of STIM1 expression was confirmed by western blot analysis ([Fig. 2A](#f2-mmr-16-03-3283){ref-type="fig"}). The results of the wound healing assay indicated that the cells migrated more slowly to close the scratched wounds in the A549-shSTIM1 group compared with the A549-shcon group ([Fig. 2B](#f2-mmr-16-03-3283){ref-type="fig"}). Furthermore, a Transwell invasion assay was conducted to evaluate the effects of STIM1 silencing on the invasive abilities of A549 cells. The results demonstrated that the ability of A549 cells to invade through the Matrigel matrix was significantly decreased in the A549-shSTIM1 group compared with the A549-shcon group ([Fig. 2C](#f2-mmr-16-03-3283){ref-type="fig"}). Taken together, these results suggested that STIM1 silencing may inhibit the migratory and invasive abilities of A549 cells *in vitro*.

### Effects of STIM1 silencing on A549 metastasis in vivo

Since STIM1 silencing was revealed to inhibit A549 cell migration and invasion *in vitro*, the present study then injected A549-shSTIM1 and A549-shcon cells into nude mice through the lateral tail vein. The results of a metastatic assay indicated that the number of metastatic lung nodules was significantly decreased in the A549-shSTIM1 group compared with the A549-shcon group ([Fig. 3](#f3-mmr-16-03-3283){ref-type="fig"}).

### STIM1 silencing downregulates the protein expression levels of Snail1, MMP2, MMP9 and Vimentin, and upregulates the protein expression levels of E-cadherin

Since specific proteins, such as Snail1, MMP2, MMP9, N-cadherin, Vimentin and E-cadherin, are associated with the progression and metastasis of lung cancer ([@b21-mmr-16-03-3283]--[@b25-mmr-16-03-3283]), the present study aimed to determine whether STIM1 silencing could affect the expression levels of these proteins. As shown in [Fig. 4](#f4-mmr-16-03-3283){ref-type="fig"}, western blot analysis indicated that the protein expression levels of Snail1, MMP2, MMP9 and Vimentin were markedly decreased in A549-shSTIM1 cells compared with in A549-shcon cells. However, the protein expression levels of E-cadherin were markedly increased in A549-shSTIM1 cells compared with in A549-shcon cells. There were no obvious alterations in the protein expression levels of N-cadherin between A549-shSTIM1 cells and A549-shcon cells.

Discussion
==========

STIM1 was initially identified as an antimetastatic gene, since STIM1 silencing resulted in the accelerated mobility of melanoma cells in an *in vitro* scratch-wound assay ([@b7-mmr-16-03-3283]); however, subsequent studies reported conflicting results. Umemura *et al* ([@b11-mmr-16-03-3283]) reported that STIM1 knockdown inhibited cell migration in metastatic cell lines and decreased the number of metastatic colonies in mouse lung tissues. Yang *et al* ([@b8-mmr-16-03-3283]) demonstrated that silencing STIM1 inhibited the migration and metastasis of breast cancer cells by suppressing focal adhesion turnover. In addition, Chen *et al* ([@b9-mmr-16-03-3283]) reported that the expression levels of STIM1 were significantly associated with the risk of cervical cancer metastasis and survival. Silencing STIM1 attenuated the endogenous migration of cervical cancer cells, whereas STIM1 overexpression enhanced cervical cancer cell migration and invasion. Zhang *et al* ([@b13-mmr-16-03-3283]) reported that the enhanced expression of STIM1 promoted colorectal cancer cell metastasis *in vitro* and *in vivo*, whereas silencing STIM1 with small interfering RNA reduced metastasis. Furthermore, ectopic expression of STIM1 in colorectal cancer cells induced epithelial to mesenchymal transition (EMT), whereas silencing STIM1 exerted discordant effects ([@b13-mmr-16-03-3283]). Taken together, the potential role of STIM1 in tumor metastasis is inconsistent among different tumor types; the detailed reasons why have yet to be elucidated. One of the main causes of lung cancer-associated mortality is tumor metastasis; however, it has yet to be determined whether STIM1 serves an important role in lung cancer metastasis. Therefore, the present study aimed to determine the role of STIM1 in lung cancer metastasis.

The present study demonstrated that the frequency of STIM1 high-expression was increased in metastatic lung cancer tissues compared with in non-metastatic lung cancer tissues, thus suggesting that STIM1 overexpression may promote lung cancer metastasis. To confirm the findings demonstrated in human samples, the effects of STIM1 silencing on the invasive and migratory abilities of A549 cells were investigated *in vitro*. The results indicated that STIM1 silencing inhibited the migratory and invasive capabilities of A549 cells, as determined using wound healing and Transwell invasion assays. These findings supported the aforementioned observations to a certain extent. In an animal model, the present study demonstrated that STIM1 silencing inhibited the metastasis of A549 cells *in vivo*, which further verified the role of STIM1 in lung cancer metastasis.

The present study indicated that STIM1 was expressed not only in cancer cells but also in stromal cells. Previous studies ([@b26-mmr-16-03-3283]--[@b28-mmr-16-03-3283]) have reported that the tumor stroma serves a crucial role in tumorigenesis. The tumor stroma contains increased amounts of inflammatory infiltrates, an increased microvessel density with dysfunctional lymphatics and blood vessels, and a denser extracellular matrix with reactive fibroblasts ([@b29-mmr-16-03-3283]). Throughout the entire process of cancer etiology, progression and metastasis, the microenvironment of the local host tissue may be considered an active participant. Invasion occurs within the tumor-host microecology, where stroma and tumor cells exchange enzymes and cytokines that modify the local extracellular matrix, stimulate migration, and promote proliferation and survival ([@b30-mmr-16-03-3283]). However, it remains unclear how STIM1 expression is regulated in cancer tissues, which should be explored in future studies.

E-cadherin is a calcium-dependent, epithelial cell adhesion molecule, the reduced expression of which has been associated with increased lymph node metastasis in NSCLC ([@b31-mmr-16-03-3283]--[@b33-mmr-16-03-3283]). Transfection of E-cadherin cDNA in human lung tumor cells has previously been reported to reduce the invasive potential of tumors ([@b34-mmr-16-03-3283]), and overexpression of E-cadherin in NSCLC cell lines may inhibit cell migration ([@b35-mmr-16-03-3283]). Vimentin is an intermediate filament protein whose expression is correlated with increased metastatic disease, reduced patient survival and poor prognosis in lung cancer ([@b36-mmr-16-03-3283],[@b37-mmr-16-03-3283]). Vimentin expression is also associated with prognosis via alteration of the invasive ability of NSCLC cells ([@b38-mmr-16-03-3283]). Vimentin depletion inhibited lung cancer cell migration and invasion *in vitro*, and metastasis *in vivo* ([@b39-mmr-16-03-3283]). In the present study, STIM1 silencing downregulated Vimentin protein expression and upregulated E-cadherin protein expression. A previous study demonstrated that STIM1 silencing downregulated Vimentin expression and upregulated E-cadherin expression in colorectal cancer cells; however, overexpression of STIM1 had the opposite effect ([@b13-mmr-16-03-3283]). Taken together, these findings supported the hypothesis that STIM1 may regulate the expression of Vimentin and E-cadherin in various cell lines. However, there is no significant difference in cell morphology between A549-shcon cells and A549-shSTIM1 cells (data not shown). The discrepancy in the alterations of EMT markers and cell phenotype observed in the present study should be explored in future studies.

MMPs are a class of proteolytic enzymes that are closely associated with tumor invasion and metastasis. MMP2 and MMP9 are the major enzymes that degrade type IV collagen, which serve important roles in lung cancer metastasis ([@b40-mmr-16-03-3283]--[@b42-mmr-16-03-3283]). A previous study demonstrated that increased MMP2 expression may serve as an independent prognosis factor in NSCLC, which is closely associated with clinical stage, pathological grade, lymphatic metastasis and prognosis ([@b43-mmr-16-03-3283]). MicroRNA-129 may regulate MMP9 to control metastasis of NSCLC ([@b44-mmr-16-03-3283]). In the present study, STIM1 silencing decreased the protein expression levels of MMP2 and MMP9 in A549 cells. A previous study reported that STIM1 knockdown could reduce the levels of secreted MMP2 in melanoma cells *in vitro* ([@b12-mmr-16-03-3283]). Snail1 is a zinc-finger transcription factor that contains a highly conserved C-terminal region comprising 4--6 zinc fingers, which serves as the DNA-binding domain that recognize consensus E-box type elements ([@b45-mmr-16-03-3283],[@b46-mmr-16-03-3283]). Snail1 has been reported to serve a key role in lung cancer metastasis and progression ([@b46-mmr-16-03-3283]--[@b48-mmr-16-03-3283]). Furthermore, previous studies have indicated that Snail1 may regulate the expression of E-cadherin, Vimentin, MMP2 and MMP9 in lung cancer cell lines ([@b48-mmr-16-03-3283],[@b49-mmr-16-03-3283]). The present study observed that STIM1 silencing downregulated the expression of Snail1 protein; however, the molecular mechanism underlying STIM1-mediated regulation of Snail1 expression remains unclear, and should be further investigated in future studies.

In conclusion, the present study suggested that STIM1 silencing inhibited the migration and invasion of A549 cells *in vitro*, and lung cancer cell metastasis *in vivo*. The present study extends the knowledge regarding lung cancer progression and suggests that STIM1 may be a potential therapeutic target for the treatment of human lung cancer.

The present study was supported by grants from the National Natural Science Foundation of China (grant no. U1404815) and the Henan Collaborative Innovation Center of Molecular Diagnosis and Laboratory Medicine (grant no. XTCX-2015-PY7).

![Representative images of stromal interaction molecule 1 (A) high-expression and (B) low-expression in lung cancer tissues. (A-a and B-a) Magnification, 10×20; (A-b and B-b) magnification, 10×40.](MMR-16-03-3283-g00){#f1-mmr-16-03-3283}

![Effects of STIM1 silencing on the migration and invasion of A549 cells. (A) Knockdown of STIM1 expression was confirmed by western blot analysis. (B) Cell migration to close the scratched wounds was reduced in the A549-shSTIM1 cells compared with the A549-shcon cells. (C) Reduced invasion through the Matrigel matrix was observed in the A549-shSTIM1 cells compared with the A549-shcon cells. \*P\<0.05. shcon, control short hairpin RNA; shSTIM1, STIM1 short hairpin RNA; STIM1, stromal interaction molecule 1.](MMR-16-03-3283-g01){#f2-mmr-16-03-3283}

![Effects of STIM1 silencing on A549 cell metastasis *in vivo*. The number of metastatic lung nodules was significantly reduced in the A549-shSTIM1 group compared with the control group. \*P\<0.05. shcon, control short hairpin RNA; shSTIM1, STIM1 short hairpin RNA; STIM1, stromal interaction molecule 1.](MMR-16-03-3283-g02){#f3-mmr-16-03-3283}

![Effects of STIM1 silencing on the expression of several proteins. Western blot analysis indicated that STIM1 silencing decreased the protein expression levels of Snail1, MMP2, MMP9 and Vimentin, and increased the protein expression levels of E-cadherin. MMP, matrix metalloproteinase; shcon, control short hairpin RNA; shSTIM1, STIM1 short hairpin RNA; STIM1, stromal interaction molecule 1.](MMR-16-03-3283-g03){#f4-mmr-16-03-3283}

###### 

Clinicopathological characteristics of patients with lung cancer.

  Characteristic              Number
  --------------------------- --------
  Male                        39
    ≥60 years                 26
    \<60 years                13
  Female                      10
    ≥60 years                   6
    \<60 years                  4
  Histological type           
    Adenocarcinoma            20
    Squamous cell carcinoma   26
    Small cell carcinoma        3
  Grade                       
    G1                        10
    G2                        29
    G3                        10
  Metastasis                  
    Yes                       18
    No                        31

###### 

Frequency of stromal interaction molecule 1 high-expression and low-expression in metastatic and non-metastatic lung cancer tissues.

  Expression        Metastatic lung cancer   Non-metastatic lung cancer
  ----------------- ------------------------ ----------------------------
  High-expression   13                       11
  Low-expression      5                      20

χ^2^=6.151, P=0.013.
